photosensitizer (PS) drug into target cells followed by localized light irradiation in the visible wavelength (400-750 nm). Neither of these components alone display cytotoxic effects but when they are combined, in presence of molecular oxygen, they generate reactive oxygen species (ROS) inducing tumor cells death. 1 The specific light delivery to tumor cells provides a better selectivity for the targeting of cancers compared to conventional chemo-and radiotherapy. This aspect is important in the cancer treatment because PDT allows eradicate the maximum number of malignant cell types without unacceptable adverse effects produced by other types of therapies. 2 generation causes an oxidative damage to a variety of subcellular targets, carrying inevitably to cell death and resulting in the ablation of the tumor. 4 In addition, other mechanisms have been shown to be involved in the anti-carcinogenic effects of PDT, as shutting down of the tumor vasculature, starving of oxygen or nutrients to the tumor and the induction of a host immune response. 5, 6 PDT-induced cell death may occur by apoptosis, autophagy, or necrosis, however apoptosis is the mechanism mainly activated. 4, 7, 8 Apoptosis is a physiological event, which can also be triggered by external stimuli such as oxidative stress attributable to photosensitization. The involvement of apoptosis as mechanism of cell death has been shown to be an early response of PDT, both in vitro as in vivo. termed apoptosome, recruits, and activates the initiator caspase-9. In both pathways, the activation of initiator caspases (caspase-8 or caspase-9) leads to the activation of effector caspases (caspase-3, -6, and -7) and cell death by apoptosis. 4, 11 In addition, other signaling molecules involved in stress or survival pathways may be activated in PDT. 12, 13 In fact, modulating of this signalling molecules can increase photokilling of cancer cells with defects in apoptotic pathways, which is a crucial step in carcinogenesis and therapy resistance. 14 Since the hematoporphyrin derivative Photofrin® was approved in 1993 as a PDT-sensitizer for treating bladder cancer, the development of new PS have improved PDT efficacy. 15 Second-generation PSs for clinical treatment include porphyrin and non-porphyrin derivatives.
Porphyrin derivatives as 5-aminolevulinic acid (ALA), chlorins (benzoporphyrins), phthalocyanines, texaphyrins, pheophorbides (derived from chlorophyll), and bacteriopheophorbides (derived from bacteriochlorophyll) are being used for PDT of a great variety of solid tumors or it have been approved for use in clinical trials for different types of cancer.
Non-porphyrin derivatives as anthraquinones (hypericin), phenothiazines (methylene blue), xanthenes (rose bengal), cyanines, and curcuminoids are being evaluated in clinical trials for treatment of different types of cancer, or are used for treatment of no-oncological diseases. In addition, some of non-porphyrin PS are used in other fields of the medicine due to their antibacterial, antiviral, and antimicrobial activities, or staining properties on tumor tissues. 16 Currently, new or derivatives PSs with improved spectroscopic, photochemical, and tumor-localizing properties are being tested, expanding the scope of the PDT in the treatment against cancer.
Phenalenone or 1-H-phenalen-1-one ( Figure 1A ), also known as perinaphthenone (PN), is an efficient 1 O 2 PS, which is distinguished by a quantum yield close to unity in solvents of very different polarity. 17, 18 This tricyclic aromatic ketone is a unique class of bioactive natural products with diverse structural features and widely distributed in the nature. In the last years, numerous and new classes of natural products based on the PN skeleton has been isolated from plants and fungi or has been chemically synthesized. These molecules are of special interest owing to their significant roles as phytoalexins and phytoanticipins in the protection of plants against potentially harmful microorganisms such as fungus [19] [20] [21] [22] and protozoans. 23, 24 In addition, these compounds display ROS-mediated activity against disease vector mosquito larvae and plant-parasitic nematodes, which is strongly enhanced in the presence of light. 25, 26 This phenomenon is in accordance with the presence of PN in the skeleton of these molecules. In addition, PN derivatives have also been developed as dental drugs for photodynamic inactivation of oral key bacteria. 27 These previous data led us to investigate the photobiological properties of phenanelone, since novel molecules or natural compounds derived from plants, based on PN moiety, might be used as potential PS agents in PDT for cancer treatments.
Here, using human promyelocytic leukemia cells HL60 as tumor cell model we prove that PN-PDT exerts a strong phototoxic action as consequence of a ROS-mediated apoptosis. We also found that ROS generated during PN-PDT activate caspase-8, driving the apoptotic signal through both extrinsic (activating directly caspase-3) and intrinsic (through tBid activation and mitochondrial depolarization)
pathways. Besides, we demonstrate that ROS generation by PN-PDT activate the stress pathways p38MAPK and JNK, and promote the survival pathway PI3 K/Akt. Interestingly, p38MAPK and JNK play opposing effects on cell survival. Blocking the activation of these kinases after PN-PDT with suitable inhibitors showed that the p38MAPK play a role as a death signal, whereas the JNK serves as a rescue signal. Although survival pathways are activated, the net result of PN-PDT is a potent oxidative burst that finalizes irremediably with the apoptotic death of the tumor cell.
| MATERIALS AND METHODS

| Chemicals
All chemicals were of reagent grade and used as received. 
| Cell culture
HL-60 cells were cultured in RPMI 1640 medium supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS), 100 U/mL penicillin and 100 µg/mL streptomycin at 37°C in a humidified atmosphere containing 5% CO 2 . A431 and A549 cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum, 100 U/mL penicillin and 100 µg/mL. These cell lines were obtained from the American Type Culture Collection (LGC Standards, Barcelona, Spain). The cultures exhibited characteristic doubling times of approximately 24 h and the growth medium was changed on the day before the experiment.
| Photodinamic treatments
The cells were seeded out in 96-well or 10-cm plates and treated with different concentrations of PN at 37°C for 30 min, before light exposure from a CAMAG Reprostar II. The irradiance of the lamps was were placed on glass slides and triplicate samples of 500 cells each were counted and scored for the incidence of apoptotic chromatin condensation using a Zeiss fluorescent microscopy. Nuclei with condensed chromatin (supercondensed chromatin at the nuclear periphery) or nuclei that were fragmented into multiple smaller dense bodies were considered as apoptotic. Nuclei with uncondensed and dispersed chromatin were considered as non-apoptotic. were N-acetyl-Asp-Glu-Val-Asp-para-nitroaniline (Ac-DEVD-pNA), N-acetyl-Leu-Glu-His-Asp-para-nitroaniline (Ac-LEHD-pNA), and Nacetyl-Ile-Glu-Thr-Asp-para-nitroaniline (Ac-IETD-pNA), respectively.
| Detection of ROS generation
Caspase-catalyzed release of the chromophore para-nitroaniline (pNA) from the substrate was measured at 405 nm in a microplate reader Ceres 900C (Bio-Tek Instruments, Winooski, UT) and specific activity was expressed as pmol pNA per minute and per microgram protein.
Blanks containing the substrate alone were also included.
| Quantification of apoptotic cells by flow cytometry
The cells were centrifuged at 500 g for 10 min at 4°C, washed twice 
| Western blot analysis
The cells were centrifuged at 1000 g for 10 min at 4°C and washed with ice-cold PBS. To obtain total cellular protein extracts, cell pellets were resuspended in lysis buffer ( 
| Statistical analysis
Data are presented as mean ± SE. All determinations were performed in triplicate and the data shown are representative results from at least three independent experiments. Statistical differences between means were tested using (i) Student's t-test (two samples) or (ii)
one-way analysis of variance (ANOVA; three or more samples) with a posteriori pairwise comparisons of means carried out using Tukey's test. A significance level of P < 0.05 was used.
3 | RESULTS
| PN-PDT inhibits the cell viability of human tumor cell lines
Preliminary experiments were designed to determine whether PN 
. 30 The results indicate that the intracellular ROS levels were reduced ∼50% by 50 µM ascorbic acid ( Figure 3C ) and that this antioxidant partially abolishes apoptotic cell death triggered by PN-PDT, as evidenced by an important reduction in the DNA cleavage ( Figure 3D ). The fact that ascorbic acid did not decrease completely ROS levels, suggests that some radical oxygen species that are not reduced by the antioxidant, such as singlet oxygen ( is key to activate caspase-3, we next evaluated the caspase-9 activity after PN-PDT and in the presence of ascorbic acid. Cytosolic fractions from HL-60 cells treated with PN-PDT at 2 h and 4 h were assayed for cleaving of Ac-LEHD-pNA, a specific substrate of caspase-9. As shown in Figure 5C , PN-PDT induced caspase-9 activity since 2 h of treatment. In addition, the pretreatment of the cells with ascorbic acid (50 µM) reduced drastically PN-PDT-stimulated caspase-9 activity at all assayed times, which indicates that intrinsic pathway is activated by PN-PDT-generated ROS. Nevertheless, a total lack of caspase-3 activity after 4 h post-PN-PDT was not observed with the pretreatment with LEHD-CHO, which indicates that caspase-3 could be also activated through alternative apoptotic pathways. ). The cells were harvested 4 h after irradiation and cell distribution according to their DNA content was determined by flow cytometry using the propidium iodide staining procedure. *P < 0.05 compared to control, C; # P < 0.05 compared to z-DEVD-fmk untreated group. B, Effect of ascorbate and LEHD-CHO on caspase-3 activity in cells subjected to PN-PDT. The cells were pre-incubated with 50 µM ascorbate, 50 µM of caspase-9 inhibitor LEHD-CHO or vehicle for 1 h and harvested at the indicated time points after PN-PDT. Caspase-3 activity was determined from lysates using the specific colorimetric substrate Ac-DEVD-pNA. C, Effect of ascorbate on caspase-9 activity in cells subjected to PN-PDT. The cells were pre-incubated with 50 µM ascorbate, or vehicle for 1 h and harvested at the indicated time points after PN-PDT. Caspase-9 activity was determined from lysates using the specific colorimetric substrate Ac-LEHD-pNA. *P < 0.05 compared to control, C; # P < 0.05 compared to vehicle-treated alone. The activation of caspase-3 by the initiator caspase-8 (see Figure 6C ) and the lack of a total inhibition of caspase-3 activity when the cells were pretreated with the specific inhibitor of caspase-9 (see Figure 5B) Taking into account that cell death was detected 2-4 h after PN-PDT treatment (see Figure 2E ), the changes in the phosphorylation state of the above kinases was analyzed prior to that time, at the 2-60 min period. For this purpose, the cells were harvested at different times after light exposure and p38-MAPK, JNK, and Akt were analyzed by Western blot using antibodies that recognize the phosphorylated (activated) forms of each kinase. As shown in Figure 7C , irradiation of HL-60 cells in presence of PN resulted in a quick increase (<2 min) in the phosphorylation of p38-MAPK, JNK, and Akt. Although phosphorylation of p38-MAPK and JNK remained in phosphorylated stated at least 60 min, the signal of phospho-Akt decayed after de 15 min. As expected, due to its function in cell survival, phospho-Akt was also detected in lysates from control cells. Equivalent levels of total p38-MAPK, JNK, and Akt were detected between experimental groups, indicating that the increasing in the levels of phosphorylation induced by PN-PDT was not due to changes in the expression of the kinases.
Together, these results indicate that PN-PDT simultaneously actives intracellular signaling pathways with opposite effects on apoptosis.
Thus, p38-MAPK acts as a death signal since it plays a significant role in PN-PDT-induced apoptosis, while JNK and PI3 K/Akt act as survival signals.
3.6 | Activation of P38-MAPK by PN-PDT triggers apoptosis through the mitochondrial pathway but independently of caspase-8 ) and allowed to recover for the indicate time points. Caspase-8 activity was determined from lysates using the specific colorimetric substrate Ac-IETD-pNA. *P < 0.05 compared to control. B-E, Inhibition of caspase-8 activity blocks apoptosis, caspase-3 activity, caspase-9 activity and mitochondrial potential dissipation triggered by PN-PDT. The cells were pre-incubated with the specified concentrations of caspase-8 inhibitor z-IETD-fmk for 1 h, then subjected to 5 µM PN in absence (control) or presence of light (fluence: 20 J/cm 2 ) and harvested 4 h after light exposure. Hypodiploid cells were determined by flow cytometry using the propidium iodide staining procedure, caspase-3 activity was evaluated from lysates using Ac-DEVD-pNA as colorimetric substrate, caspase-9 activity was evaluated from lysates using Ac-LEHD-pNA as colorimetric substrate and ΔΨ m was analyzed by flow cytometry after staining with the fluorescent probe JC-1. *P < 0.05 compared to control; # P < 0.05 compared to z-IETD-fmk untreated group. 5 µM PN were used as control, C. Four hours after light exposure, hypodiploid cells were determined by flow cytometry using the propidium iodide staining method, and caspase-3 activity was evaluated from lysates using Ac-DEVD-pNA as colorimetric substrate. *P < 0.05 significantly different from control. by the photodynamic treatment, the damage must be enough severe to avoid cell repairing but sufficiently mild to produce energy, otherwise the cell will die through necrosis. In our experiments, the percentage of cells that exhibit some early hallmark of apoptosis raised significantly since 2-4 h, reaching ∼50% at 6 h after the treatment, which indicates that PN-PDT is a potent and rapid inductor of apoptosis.
We also demonstrate that PN-PDT induces ROS generation and that these chemical species are involved in the cell death since ascorbic acid reduced its levels and partially blocked apoptosis. Failure of this antioxidant to prevent completely the apoptosis induced by PN-PDT appear to be consequence of its inability to scavenge all the ROS generated. It is well known that ascorbic acid is a good scavenger of O 2
• − and HO • , both generated in type I reaction mechanism, and in A common feature of apoptosis initiated by the PDT is the acute stress response through the generation of ROS, causing a rapid release of cytochrome c from the mitochondria to the cytosol and caspase-9 activation. 14 The data shown in this work suggest that mitochondrion is a target for ROS generated by PN-PDT. Depolarization of the mitochondrial membrane by PN-PDT and the consequent release of cytochrome c was an early event (2 h), indicating that ROS rapidly cause mitochondrial damage. Furthermore, the blockage of apoptotic
cell death caused by inhibition of caspase-3 is in accordance with several studies which prove that many photosensitizers activate the intrinsic pathway and caspase-3 to execute the apoptotic process. 4 The direct relationship between ROS generation and caspase-9 and -3 activation was established using ascorbic acid, which proves that mitochondrial intrinsic pathway is induced by PN-PDT-generated ROS. Although the blockage of caspase-3 activity was not total, it is in accordance with a decrease of ROS levels (50%) and supports the idea that PN generates 1 O 2 , a radical that is not reduced by the ascorbic acid.
All data present herein demonstrate the involvement of the intrinsic pathway in the PN-PDT-induced apoptosis; however, the inability of caspase-9 inhibitor to prevent completely caspase-3 activity suggest that this executer caspase is also activated independently of intrinsic pathway. Several studies on PDT have revealed that the activation and mobilization of death receptors stimulates caspase-3 activity through the activation of caspase-8. exposure. Caspase-8 activity was determined from lysates using the colorimetric tetrapeptidic substrate Ac-IETD-pNA. *P < 0.05 compared to control, C; # P < 0.05 compared to vehicle, V. Mitochondrial fractions were analyzed by Western blot to determine the levels of tBid and COX-IV was used as a loading control. A representative Western blot (n = 3) is shown may be implicated in the activation of mitochondrial pathway. We find that cell stress (p38-MAPK and JNK) and survival (PI3 K/Akt) pathways, which are susceptible of modulation by ROS, 4, 45 are activated by the PN-PDT on HL60 cells. These kinases are activated earlier than caspase-8, which could indicates initially that p38-MAPK, JNK, and Akt act upstream of mitochondrial pathway.
Inhibition of p38-MAPK block partially mitochondrial depolarization, caspase-3 activity, and apoptosis induced by PN-PDT, which is consistent with the report of Zhuang et al. 42 However, the inability of p38-MAPK inhibitor to prevent caspase-8 and Bid activation induced by PN-PDT suggests that p38-MAPK signaling converge on the mitochondria, independently of caspase-8. In this way, p38-MAPK is able to phosphorylate the pro-apoptotic protein BAX, causing its translocation from cytosol to the mitochondria, and also the antiapoptotic proteins Bcl-X L and Bcl-2, preventing they accumulate into the mitochondrial membrane. proven that JNK protects to the cells from apoptosis. 48, 49 We also find that the suppression of Akt activity enhances the apoptosis induced by PN-PDT, which is consistent with previous PDT reports that show a decrease of cell viability despite Akt is activated. 50, 51 Moreover, it is known that PI3 K/Akt pathway activation modulates negatively the apoptotic mitochondrial pathway through the phosphorylation and inactivation of proapoptotic protein Bad. Moreover, it have been proven, in vitro and in vivo, that ALA-PDT using blue and white LEDs have greater antitumor effects compared to the red LEDs. 58 Regardless, PN might be used for treatment of superficial skin cancer or internal cancers as esophagus, lungs, stomach, or bladder that present affected superficial regions. Also, the use of shorter wavelength light might help to reduce the rate of severe side effects as transmural necrosis leading to perforation or stenosis via transmural fibrosis caused when red light is used. 59 In conclusion, the results obtained here provides solid evidences that oxidative stress generated by the PN-PDT induces apoptosis, on human tumor cells, through caspase-8 and p38-MAPK activation. This finding would supports future research directed to develop novel molecules based on PN moiety that improve the effectiveness of PDT in the treatment of cancer and others nononcological malignancies.
